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Abstract
Solid Oxide Fuel Cells are devices that use
a series of electrochemical reactions to convert
chemical energy from fuel into electricity. These
fuels, such as Hydrogen (H2 ), Carbon Monoxide
(CO), and Oxygen (O2 ), have a high conversion
efficiency. Solid Oxide Fuel Cells, in comparison
to coal power plants, produce a higher electrical conversion efficiency. Solid Oxide Fuel Cells
are a possible candidate for energy production.
However, Solid Oxide Fuel Cell’s high temperatures (800-1000 degrees Celsius) create a lower
ionic conductivity of the electrolytes. This ionic
conductivity limits Solid Oxide Fuel Cell applications. When decreasing the temperatures, the
ohmic resistance, as a thin film, increases. In our
research an Yttria Stabilized Zirconia layer is produced from the fine dimple grain structure allowing high flow of oxygen mobility. This ion mobility
increases the ionic conductivity and decreases the
ohmic losses. The goal of our research is to determine the Yttria Stabilized Zirconia thin film synthesis conditions which lead to minimum ohmic resistance in these films. The method that we will use
is to test different molecular ratios of Yttrium (III)
Oxide (Y2 O3 ) and Zirconium (IV) Oxide (ZrO2 )
and deposit these different ratios onto the substrates. We will also use different substrates and
monitor the effect each substrate on the Yttria Sta-
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bilized Zirconia thin film properties. These thin
films will be characterized through electrical measurements such as Four Point Probe Resistivity
measurements as well as structural and compositional characterization through Atomic Force Microscopy, Scanning Electron Microscope, and Energy Dispersive X-Ray Spectroscopy.

1. Introduction
In the modern day, electrical power is generated using fossil fuels. However, using these
fossil fuels increases greenhouse gas emissions.
Some of these greenhouse gases are Carbon Dioxide (CO2 ), Methane (CH4 ), Nitrous Oxide (N2 O),
and Fluorinated Gases. The amount of U.S. greenhouse gas emissions released every year from
1990 through 2016 are shown in Figure 1. In comparison to 1990, the amount of greenhouse gases
produced from the United States has increased by
two percent, according to the United States Environmental Protection Agency (EPA). However,
in 2016 the amount of greenhouse gases produced
in the United States has decreased from the previous year. This decrease in greenhouse gases
can be credited to the decrease in uses of fossil
fuels [1]. At the Climate Change Conference of
2015 in Paris, a goal was set to reduce greenhouse
gas emissions and thereby limit global tempera-
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ture increase to about two degrees Celsius above
pre-industrial levels [2]. Renewable and cleaner
energy sources are increasingly being researched
as substitutes for the nonrenewable and traditional
way of producing energy.

Table 1. Global emissions of the top 10 nations by
total CO2 in billions of tons.

Figure 1. Year vs. total greenhouse gas emissions.

Figure 2. Coal production by region in terawatt
hours (TWh).

Solid Oxide Fuel Cells are one of the renewable energies being researched. A Solid Oxide
Fuel Cell converts chemical energy from fuel to
electrical energy. This conversion from chemical
energy to electrical energy occurs through electrochemical reactions. A Solid Oxide Fuel Cell has
three main films. One film is a thick film of electrolytes that are in between an anode and a cathode. These anodes and cathodes are made of a
conducting material. Solid Oxide Fuel Cells typically operate at high temperatures (800 to 1000
degrees Celsius). The ions can move through the
thick film of electrolyte. This mobility is due to
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the high operating temperatures. The oxygen in
the cathode is made into oxygen ions and passed
through the electrolyte film at these high operating temperatures. These oxygen ions react with
the given fuel where the fuel gases, electrolyte
film, and electrode meet to create the electrical energy. The point in which the fuel gases, electrolyte
film and the electrode all meet is called the Triple
Phase Boundary [3].
Yttria Stabilized Zirconia is the most widely
used material for the electrolyte in Solid Oxide
Fuel Cells. This is due to its sufficient ionic
conductivity, chemical stability, and mechanical
strength. However, Yttria Stabilized Zirconia has
one drawback, when the temperatures are below
750 degrees C the ionic conductivity is low. So far,
there have been two different solutions to solve
this problem. One solution to this problem is to
make the electrolyte layer thinner until it becomes
a thin film. The other solution is to find different materials. One material that has been found
to work as an electrolyte is Scandium Stabilized
Zirconium. Scandium Stabilized Zirconium has a
higher conductivity than Yttria Stabilized Zirconium. However, the price of Scandium and the
aging effects of Scandium Stabilized Zirconium
make it a less attractive material than Yttria Stabilized Zirconium for the commercialization of
the Solid Oxide Fuel Cells. Gadolinium Stabilized Germanium Dioxide and Samarium Stabilized Germanium Dioxide both possess higher ion

2

Melfi: Yttrium Doped Zirconium Oxide Thin Films

Table 2. Population, energy and electricity demands (MBDOE, Millions of Barrels per Day of Oil).

conductivity compared to Zirconia based materials. However, Germanium Dioxide based materials at high temperatures show an electrical conductivity and dimensional change. This is due to
the formation of oxygen vacancies. A way to overcome this problem is to have the fuel cell operate
below 600 degrees C [4].
Solid Oxide Fuel Cells can have a variety of
types of fuel but usually are given substances with
a high conversion efficiency such as Hydrogen
(H2 ), Carbon Monoxide (CO), Oxygen (O2 ), with
Hydrogen being the ideal fuel. However, there are
challenges in the production, storage, and other
costs related to Hydrogen. Due to these problems
with Hydrogen, other fuels are being considered.
Equations 1, 2, and 3 below show the electrochemical reaction of Hydrogen as an anode and Oxygen
as a cathode. As shown in Equation 4, the oxidation of Carbon Monoxide (CO) may take place
in the anode with free Oxygen ions. Since the
molecules of Carbon Monoxide are larger than the
Hydrogen molecules, the Carbon Monoxide has
a larger concentration variation and therefore has
a slower electrochemical oxidation when comparing it to Hydrogen [2].
H2 + O2− → H2 O + 2e−
−
1
2 O2 + 2e
H2 + 21 O2
2−

CO + O

(1)

2−

(2)

→ H2 O

(3)

→ CO2 + 2e−

(4)

→O

Published by eRepository @ Seton Hall, 2019

There are many more advantages to using
Solid Oxide Fuel Cells. A Solid Oxide Fuel Cell
can generate high grade waste heat which can be
used in combination cycle applications, can operate at a higher current density than traditional carbonate fuels, can have a catalyst that is not a noble
metal, can have a potential long life expectancy of
more than 40,000 to 80,000 hours, which is around
4.57 years to 9.13 years, can have a solid state construction, and can be placed indoors as it does not
have a need for any moving parts.
There are disadvantages to a Solid Oxide Fuel
Cell. Solid Oxide Fuel Cells require the development of materials that have relatively high conductivity and can also remain a solid at a high
temperature. Materials must also be stable with
other components of the cells, have a high endurance, and be able to lend themselves to fabrication. Only a few known materials can operate at high temperature and stay solid over an extended amount of time. Materials must also be
highly dense to prevent mixing the oxidant gases
and the fuels, and must not expand much when
heated since, if they did, the fuel cell would crack
under thermal expansion in the heat cycles. These
materials must have an intolerance to sulfur, since
if there is an excess amount of sulfur in the fuel
then it would decrease the total performance. Another disadvantage of the Solid Oxide Fuel Cell
is that there is not a practical fabrication process.
The current process of fabrication is too expensive
for the market [5].
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2. Methods
To create the Polished Zirconium/ Yttria Stabilized Zirconia for every cell and the Polished
Sapphire/ Yttria Stabilized Zirconia, trace metals of Yttrium (III) Oxide (Y2 O3 ) and Zirconium
(IV) Oxide (ZrO2 ) (Aldrich 99.999%) were separately ground to fine powders and then ground
together to make the different mole percentages of
Yttria Stabilized Zirconia. These mixtures were
then taken and hydraulically pressed, under an applied load of 10,000 kilograms for 30 minutes,
into a cylindrical targets 0.3175 centimeters high
and 2.54 centimeters in diameter. Each target was
then baked for 60 minutes at 250 degrees C. Prefabricated 1.0 centimeter squares of Polished Zirconium and Polished Sapphire (MTI Corporation)
were taken and prepared for the application of an
Yttria Stabilized Zirconia layer.
For this research the samples were created using the Pulsed Laser Deposition Method, shown in
Figure 3. Pulsed Laser Deposition is a technique
in which a high power laser is focused within a
vacuum chamber onto a target, allowing materials
to be deposited as nanoparticles in a thin film [6].
In this study, targets were given a layer of Yttria
Stabilized Zirconia, with different percentages of
the stabilizer Yttria Oxide as the variable. Using
a 248 nanometer wavelength ultraviolet Krypton
Fluoride (KrF) Excimer Laser (TuiLaser) beams
of ultraviolet light were focused onto the targets at
the conditions listed in Table 3 to form a plasma
plume that thinly deposits the Yttria Stabilized
Zirconia onto the Polished Zirconium and Polished Sapphire substrates. The Pulsed Laser Deposition method was used because it allows for
the creation of different structures due to the flexibility of the parameters. These parameters are
temperature, pressure, laser frequency, laser energy, time of deposition, and distance from the target. However, in this study all these parameters
remained constant to fully test the deposited thin
layer.
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Figure 3.
gram.

Pulsed Laser Deposition method dia-

Figure 4. Polished Zirconium/Yttria Stabilized Zirconia.

Figure 5. Polished Sapphire/Yttria Stabilized Zirconia.

3. Results
3.1. Ellipsometer Analysis

Ellipsometry is a convenient and accurate
technique for the measurements of thickness and
the index of refraction of a thin film. The thin film
thickness is determined by using the interference
between the reflecting light off the surface of the
thin film and the light traveling through the film.
The phase differences between the two lights is
very sensitive in thin films. An ellipsometer is
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ble 4. The thickness of the Yttria Stabilized Zirconia layer onto the 1.0 centimeter Polished Sapphire is displayed in Table 5. The ideal measurements for the Yttria Stabilized Zirconia layer
are approximately 8000 Angstroms for both 1.0
centimeter Polished Zirconium and Polished Sapphire substrates. The laser from the ellipsometer
can determine the thickness of the cell’s layers to
within an accuracy of ± 1 Angstroms. For Polished Zirconium substrates the average thickness
of our samples at the five locations measured was
7926 Angstroms with an overall percent error of
3.92%. For Polished Sapphire substrates the average thickness was 8452 Angstroms with an overall
percent error of 5.64%.
Table 3. Pulsed laser deposition parameters for
Polished Zirconium and Polished Sapphire.

typically used to determine thickness of the thin
films from a range of sub-nanometers to microns.
To acquire a thickness measurement, requires the
light to travel through the film and go back to the
surface [7].
Figure 7. Ellipsometer and four point probe positioning.

Figure 6. Sample ellipsometry measurement.

Using an ellipsometer, the thickness of each
thin film was collected. This data collection was
important to ensure that each sample was deposited homogeneously and to test the resistivity of the samples. Ellipsometry measurements
were taken at five different locations on each of
the cells as illustrated in Figure 7. These locations are named 1, 2, 3, 4, and C. The thickness
of the Yttria Stabilized Zirconia layer onto the 1.0
centimeter Polished Zirconium is displayed in Ta-
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Figure 8. Sample four point probe measurement.
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Table 4. 1.0 centimeter ellipsometer measurements in Angstroms for Polished Zirconium. The final two
rows are the average and percent error of the measurements.

Table 5. 1.0 centimeter ellipsometer measurements in Angstroms for Polished Sapphire. The final two rows
are the average and percent error of the measurements.

https://scholarship.shu.edu/locus/vol2/iss1/4
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Table 6. 1.0 centimeter average sheet resistance results for Polished Zirconium recorded in Ohms/cm2 .

Table 7. 1.0 centimeter average sheet resistance results for Polished Sapphire recorded in Ohms/cm2 .
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Figure 9. Percent of Yttria Stabilized Zirconia vs Resistivity recorded in Ohms·m.

Table 8. Percent of Yttria Stabilized Zirconia vs Resistivity recorded in Ohms·m data used in Figure 9
for Polished Zirconium.

3.2. Four Point Probe Characterization

Table 9. Percent of Yttria Stabilized Zirconia vs Resistivity recorded in Ohms·m data used in Figure 9
for Polished Sapphire.

were taken and plugged into the equation
resistivity =

Four point probe characterization was used to
determine the sheet resistance of the Yttria Stabilized Zirconia layers for both Polished Zirconium
and Polished Sapphire substrates. The sheet resistance measurements were taken at the same positioning as the ellipsometer results, see Figure 7
for positioning on the cells. At each positioning
the sheet resistance was measured 100 times and
the average is the number considered. The average
sheet resistance of the Yttria Stabilized Zirconia
layer onto the 1.0 centimeter Polished Zirconium
is displayed in Table 6. The average sheet resistance of the Yttria Stabilized Zirconia layer onto
the 1.0 centimeter Polished Sapphire is displayed
in Table 7. These values in Tables 4 through 7
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(avg. sheet resistance)(avg. thickness)3
(5)
to obtain the resistivity values of the thin film
of Yttria Stabilized Zirconia onto both the Polished Zirconium and Polished Sapphire substrates.
These values appear in Tables 8 and 9.
3.3. Atomic Force Microscopy

Atomic Force Microscopy was used for the
characterization of the surface of the material. An
Atomic Force Microscope can produce images of
the surface while not etching or staining the surface of the material. An Atomic Force Microscope is used in surface science laboratories with
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atomic resolution of one tenth of a nanometer. An
Atomic Force Microscope has a tip on the end of
a spring loaded cantilever. As the tip moves along
the surface of the material, it forces the cantilever
to bounce up and down according to the surface
of the material. By measuring the deflection of
the cantilever, a two dimensional or three dimensional topographic maps can be created to show
the topographic features of the surface of the material. The sample holder moves the sample up
and down to maintain the interaction of the tip and
the surface of the material. The involvement of a
laser is used to detect atomic level deflections to
increase the knowledge obtained from the topographic mapping [9].
In this paper, the tapping mode is used to determine the topography of the surface of the Yttria Stabilized Zirconium layer. The images for
each sample were obtained by using the Gwyiddion software. Rougher and more periodic surfaces of the cell indicate a lower resistivity value.
This is due to the shorter distance from peak to
peak. In this process the objective is to discover
why the resistivity values that have been acquired
are accurate.

Figure 11. Atomic force Microscopy of 1% Yttria
Stabilized Zirconia onto Polished Zirconium.

Figure 12. Atomic force Microscopy of 3% Yttria
Stabilized Zirconia onto Polished Zirconium.

Figure 13. Atomic force Microscopy of 8% Yttria
Stabilized Zirconia onto Polished Zirconium.

3.4. Scanning Electron Microscope and Energy
Dispersive X-Ray Spectroscopy

Figure 10.
method.

Sample Atomic Force Microscopy
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A Scanning Electron Microscope is a machine
that is used to demonstrate the numerous properties of the surface of the cells. A Scanning Electron Microscope is a non-destructive way of determining the different properties of the surface of
the cells. This microscope works by bombarding
the target with accelerated electrons. The accelerated electrons carry a large amount of kinetic
energy, and this energy dissipates as large signals
are produced from the electron and cell interac-
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tions. The signals include secondary electrons,
backscattered electrons, diffracted backscattered
electrons, photons, visible light, and heat. These
secondary electrons produce the image produced
from the Scanning Electron Microscope. The incident electrons are decelerated in the cells [10]. In
this process a relatively smooth surface of the deposited layer to ensure that the Pulse Laser Deposition method is successful of producing smooth
layers is the objective of this test. Energy Dispersive X-Ray Spectroscopy is a way of determining
the chemical composition of a desired portion of
the cells. Energy dispersive X-Ray Spectroscopy
uses a detector that gives out pulses that are proportional in height to the X-Ray photon’s energy
[11]. Here we can determine the precise molecular concentration of our deposited layers. In Figure 14 and Figure 15 the scale is 10 micrometers
and are shown at 3000 times magnification.

Figure 14. Cross section Scanning Electron Microscope image of 5% YSZ onto Polished Sapphire at
3,000 times Magnification.

4. Conclusion
In this study, the optimum layer thickness of
the Yttria Stabilized Zirconia on the two sub-
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Figure 15. Cross section Scanning Electron Microscope image of 5% YSZ onto Polished Zirconium
at 3,000 times Magnification.

strates, Polished Zirconium and Polished Sapphire, is about 8000 Angstroms. As shown
through the fabrication of our cells it can be said
that the method of Pulsed Laser Deposition is a
way of creating accurate cells to our optimum
thickness. According to the resistivity measurements of the cells of both the Polished Zirconium and Polished Sapphire substrates, the results
clearly indicate a downward trend with the increase of Yttrium in the concentration. The most
favorable concentration for both the Polished Zirconium and Polished Sapphire is the concentration
of 8% Yttria Stabilized Zirconia. This concentration is the most favorable since it has the lowest resistivity among all the concentrations tested.
When comparing Polished Zirconium to Polished
Sapphire, Polished Zirconium has a lower resistivity value with a concentration of 8% Yttria Stabilized Zirconium. When comparing the two substrate resistivity values, the Polished Zirconium
values are lower than the Polished Sapphire by
a factor of about two. The Atomic Force Microscope can show the number, smoothness, and pe-
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riodicity of dimples of the surface of the cell. It
can be concluded that the increase of Yttrium in
the concentration on the Polished Zirconium substrates shows an increase in the number and periodicity of dimples. However, the smoothness of
dimples on the surface of the cell decreases due
to the increase of the number of dimples of the
surface of the cell. From the Scanning Electron
Microscope, the overall topography of the surface
of the cells was able to be observed in Figure 14
and Figure 15. The Scanning Electron Microscope
was able to determine that the Pulsed Laser Deposition method of producing the tested samples is
successful in creating a smooth surface on two different substrates. The use of a Scanning Electron
Microscope was also able to see if there are any
irregularities, or imperfections, on the surface of
the cell. This method shows a distinction between
the deposited Yttria Stabilized Zirconium and the
substrates used. This distinction is from the different number of secondary electrons that are being
produced by the materials.
4.1. Future Work

In further studies, an Energy Dispersive XRay will be used in our future work to determine
the specific concentrations of the test cells. Also,
the Atomic Force Microscope will be used to determine the number and periodicity of dimples
on the remining concentrations of the Yttria Stabilized Zirconia on Polished Zirconium and Polished Sapphire. Also, more images of the surface of both the Polished Zirconium and Polished
Sapphire will be obtained by using a Scanning
Electron Microscope. To further investigate the
method of creating the cells, the substrates will go
under a process of oxidation and then undergo the
same process of creating the samples discussed
above. One goal would be to create a smoother
thin film and to have a true oxygen stoichiometry
in the thin film; this would be done to have higher
conductivity of the samples.
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